It is shown how the total internal reflection of orbital-angular-momentum-endowed light can lead to the generation of evanescent light possessing rotational properties in which the intensity distribution is firmly localized in the vicinity of the surface. The characteristics of these surface optical vortices depend on the form of the incident light and on the dielectric mismatch of the two media. The interference of surface optical vortices is shown to give rise to interesting phenomena, including pattern rotation akin to a surface optical Ferris wheel. Applications are envisaged to be in atom lithography, optical surface tweezers, and spanners.
Recent years have witnessed the emergence of a branch of optics concerned with the production and applications of twisted light. This is a class of laser light distinguished by an azimuthal phase dependence exp͑il͒, where l is an integer and is the azimuthal angle about the beam axis in cylindrical coordinates. Such light was shown in a pioneering paper by Allen et al. ͓1͔ to possess an orbital angular momentum lប, distinct from the spin angular momentum associated with wave polarization. The prototypical set of twisted light beams are the well-defined Laguerre-Gaussian beams, which can now readily be created in the laboratory. Laguerre-Gaussian laser light has been investigated over the last two decades or so, and its effects on matter, both in the bulk and as single atoms, have been considered. It is now well established that twisted light can be used as an optical device capable of rotating small objects ͓2-5͔, supplementing the capacity it shares with any laser light to influence translational motion ͑optical tweezers͒. The effects of light on single atoms and molecules have been explored theoretically, identifying cooling and heating effects of translational, as well as the rotational, motion when atoms are subject to twisted light. The rotational motion of the atoms has been shown to arise from a laser-induced torque ͓6͔ associated with the azimuthal component of the light pressure force. It has also been established that the transfer of orbital angular momentum to dipole-active atoms and molecules involves only the center-of-mass motion, rather than the internal dynamics ͓7͔. Multiple Laguerre-Gaussian beams have been shown to provide different optical molasses situations in two and three dimensions ͓8-10͔.
The interference of different Laguerre-Gaussian light beams has recently been studied experimentally, revealing a rich variety of intensity distributions. For copropagating beams of equal and opposite values of l, but with slightly differing frequencies, it has been shown experimentally that the interference pattern forms a so-called optical Ferris wheel in that the pattern rotates at an angular frequency that depends on l and the frequency separation of the two beams ͓11͔. The authors of this article point out that the light intensity distribution may be used to trap atoms, but the copropagation of the two beams is disadvantageous in that there are no optical molasses forces that work to cool the atoms axially, as in the case of counterpropagating beams.
A different interference scenario is one involving the internal reflection of twisted light at a planar surface between an optically dense medium, within which the light is incident, and a vacuum. As far as we know, this simple and easily realizable experimental situation has not been considered before in the context of surface-atom manipulation using Laguerre-Gaussian light. Nevertheless, evanescent light due to conventional beams has been successfully used in atomic mirrors ͓12͔ and its use in surface manipulation has been considered for small objects at surfaces ͓13-17͔, rather than near-resonance atoms and molecules. As we show here for Laguerre-Gaussian beams, the evanescent light that emerges in the vacuum region is exponentially decaying with the distance normal to the surface, but carries the in-plane distribution of the incident beam and its angular momentum properties. Superimposed on this is a plane wave traveling along the surface with a wave vector equal to the component of the axial wave vector of the incident beam. The field distribution thus created forms a surface optical vortex, with a well-defined orbital angular momentum. Counterpropagating or copropagating evanescent surface optical vortices can, in principle, also be created. Clearly, there is ample scope for interference effects, different possibilities for atom trapping and atom manipulation at a surface, and optical surface spanners and tweezers. In what follows we outline the physics underlying surface optical vortices and detail their possible involvement in the applications mentioned above.
Consider first the electric field of a Laguerre-Gaussian ͑LG͒ beam traveling along z in a medium of a constant refractive index n, characterized by the integers l and p, circular frequency , and axial wave vector k = nk 0 , where k 0 = / c is the wave vector in vacuum. For LG light plane polarized along ŷ, the field vector can be written in cylindrical coordinates as
where F klp ͑r , z͒ is the standard envelope function of r and z,
* 
Here E k00 is the amplitude for a corresponding plane wave of wave vector k, C lp is a mode constant, and the beam waist at axial coordinate z is w͑z͒ such that w 2 ͑z͒ =2͑z 2 + z R 2 ͒ / kz R , where z R is the Rayleigh range. The last phase factor in Eq. ͑2͒ accommodates both the Guoy phase and the change in beam curvature with axial position. We have
Note that the plane z = 0 corresponds to the minimum beam waist w͑0͒ = w 0 and on this plane the Guoy and curvature terms in Eq. ͑3͒ both vanish. Such a light field can be arranged, as shown in Fig. 1 , to strike the internal planar surface of a medium, in which it is propagating-that is, in contact with the vacuum. If the interface with the vacuum occupies the plane z = 0 and the angle of incidence, , exceeds the total internal reflection angle, an evanescent mode is created in the vacuum. The main requirements are the applicability of the standard phase-matching condition of boundary reflection and the condition that the electric field vector component tangential to the surface be continuous across the boundary. To be able to define the evanescent electric field, we must first obtain expressions appropriate for a beam incident at an angle . This is obtainable by simple rotational transformations of the expressions in Eqs. ͑1͒-͑3͒.
The fields of a Laguerre-Gaussian beam propagating in a general direction can be constructed from the formalism outlined above by the application of two coordinate transformations, the first transformation rotating the beam as a rigid body about the y axis by angle ␣ and the second rotates the resultant beam in the z plane about the x axis by an angle ␤. The compound transformation produces the relations
Equations ͑4͒-͑6͒ are useful in general situations involving multiple beams of different orientations incident on the surface. For a single beam the expressions simplify considerably. To determine the field distributions of the incident beam, we choose ␣ = and ␤ = 0, and for the internally reflected light, we have ␣ = − and ␤ = 0, as shown in Fig. 1 . The continuity of the electric field vector tangential to the surface, along with the exponential decay with the coordinate z, determines the form of the evanescent field in the vacuum region. We have
The explicit form of the evanescent electric field that displays the angular momentum properties, as well as the mode characteristics, is as follows:
Note that the above expression for the evanescent light bears the vorticity nature in that it is characterized by the azimuthal phase dependence exp͓il arctan͑y / x cos ͔͒ of the incident and internally reflected light. The important point to bear in mind in this context is that the field distribution associated with this vortex is concentrated on the surface, rather than axially, as in normal Laguerre-Gaussian light in an unbounded space. The typical exponential decay of the evanescent light intensity along z ͑i.e., perpendicular to the interface͒ is shown in Fig. 2 . This is governed by the factor exp͓−2zk 0 ͱ n 2 sin 2 −1͔, which is independent of the integers l and p. The length scale of the exponential decay along z is seen, from Fig. 2 , to span a small fraction of the wavelength, indicating that the evanescent light does not play a significant role in the trapping normal to the surface. Adsorbed atoms are generally subject to the a much more strongly attractive van der Waal potential. The intensity distribution corresponding to the evanescent light created by an incident Laguerre-Gaussian beam for which l = 1 and p = 0 is shown in Fig. 3 , plotted in the ͑x , y͒ plane at z = 0. It is seen that the evanescent light possesses well-defined intensity maxima and minima that can be used to trap adsorbed atoms with transition frequencies appropriately detuned from the frequency of the light. Note that the profile of the intensity distribution is, in fact, no longer circular, but elliptical, because the light strikes the surface at the angle of incidence ; the ellipticity increases with increasing .
The case l = 3 and p = 2, with the same parameters as in earlier figures, is shown in Fig. 4 . This case presents a more complex field distribution for the corresponding surface optical vortex. Clearly the field distributions for any values of the parameters l and p can be obtained in a similar manner: we can in principle create a surface vortex of any order, confirming that the surface optical vortex phenomenon is quite general.
Consider now the case of copropagating incident beams of opposite helicity creating an interference of two surface vortices, in a manner similar to that discussed recently for beams in an unbounded space, where a frequency offset leads to the phenomenon of the optical Ferris wheel ͓11͔. It is easy to see that the total electric field generated in the vacuum region contains the factor cos͕l arctan͓y/͑x cos ͔͖͒. ͑9͒
The appearance of the cosine term in Eq. ͑9͒ indicates interference of the two evanescent light beams in the azimuthal direction. Figure 5͑a͒ case l 1 =2, p 1 = 0 and l 2 = −2, p 2 = 0, and the contour plots are shown in Fig. 5͑b͒ . If the frequencies of the beams differ slightly, the pattern will rotate at a frequency ␦ / 2 ͉ l 1 − l 2 ͉ with ␦ equal to the frequency difference.
In the above analysis, we have outlined the essential physics underlying the phenomenon of surface optical vortices, associated particularly with Laguerre-Gaussian light. We have shown that the intensity distribution for a typical surface optical vortex has a limited spatial extent in the direction normal to the surface in the vacuum region, of the order of a fraction of a wavelength. However, the in-plane distributions mimic those of the incident and internally reflected light and so carry the signature of orbital angular momentum in the incident beam. The optical vortices of a LaguerreGaussian basis constitute a complete set for the description of vortices of any desired order defined by the integers l and p, so that the phenomenon is quite general. Further work is needed to uncover the properties of surface optical vortices. Useful information can be gained by determining phase profiles, wave-front structures, and energy-momentum flow.
To conclude, we note that in addition to the intrinsic importance of surface optical vortices as physical entities in their own right, some technical applications can be envisaged at this stage. We have briefly mentioned the manipulation of adsorbed atoms and molecules held on surfaces by van der Waal force, and in this connection there has recently been strong interest in the opportunity for precision manipulation of such atoms. However, it appears that none of the methods suggested so far includes near-resonance optical manipulation along the surface. Optical vortices offer an unprecedented potential for the manipulation of adsorbed atoms congregating in extremum regions of intensity on the surface. The principle can be employed to create patterned surfaces by employing carefully designed sets of incident beams to create a lattice of evanescent light wells. The system also affords the opportunity to manipulate larger objects on the surface, translation and rotation being affected, by moving the spot at which the incident beam strikes the interface. Finally it is to be noted that surface optical vortices of other kinds can be generated from other optical beams carrying orbital angular momentum and that highly significant enhancements of the evanescent light fields can be realized by introducing a metallic film. In the evanescent surface plasmon modes the fields can be at least an order of magnitude larger ͓18͔. Work on surface plasmon optical vortices and guided modes is now in progress, and the results will be reported in due course.
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